Increasing evidence suggests that deep brain stimulation (DBS), which is currently being used as a therapy for neurological diseases, may be effective in the treatment of psychiatric disorders as well. Here, we examined the influence of DBS of the nucleus accumbens shell on cocaine priming-induced reinstatement of drug seeking, an animal model of relapse. Rats were allowed to self-administer cocaine (0.25 mg, i.v.) 2 h daily for 21 d and then cocaine-seeking behavior was extinguished by replacing cocaine with saline. During the reinstatement phase, DBS was administered bilaterally to the nucleus accumbens shell through bipolar stainless steel electrodes. Biphasic symmetrical pulses were delivered at a frequency of 160 Hz and a current intensity of 150 A. DBS began immediately after a priming injection of cocaine (0, 5, 10, or 20 mg/kg, i.p.) and continued throughout each 2 h reinstatement session. Results indicated that only the higher doses of cocaine (10 and 20 mg/kg) produced robust and reliable reinstatement of cocaine seeking. DBS of the nucleus accumbens shell significantly attenuated the reinstatement of drug seeking precipitated by these higher cocaine doses. Additional experiments indicated that this DBS effect was both anatomically and reinforcer specific. Thus, DBS of the dorsal striatum had no influence on cocaine reinstatement and DBS of the accumbens shell did not affect the reinstatement of food seeking. Together, these results suggest that DBS of the nucleus accumbens shell may be a potential therapeutic option in the treatment of severe cocaine addiction.
Introduction
After detoxification, the relapse rate among human cocaine addicts is discouragingly high (Carroll et al., 1994) . Cravinginduced relapse of drug-taking behavior is precipitated by three major factors: a stressful life event, an environmental stimulus previously associated with drug taking, or reexposure to the drug itself (Spealman et al., 1999; Goeders, 2002; Schmidt et al., 2005; See, 2005; Epstein et al., 2006) . For example, laboratory studies indicate that cocaine administration precipitates craving (i.e., the urge to use drugs) among experienced human cocaine users (Jaffe et al., 1989) . Cocaine craving-induced relapse of drug taking among human addicts is modeled in rodents and monkeys by administering a noncontingent priming drug injection to animals in which cocaine self-administration behavior has been extinguished. Using this paradigm, systemic or intravenous injections of relatively low doses of cocaine result in robust reinstatement of cocaine-seeking behavior (Spealman et al., 1999; Shalev et al., 2002; Schmidt et al., 2005) . Although considerable progress has been made in identifying the neuronal circuitry and neurochemical mechanisms underlying cocaine craving, an effective therapeutic for cocaine addiction remains elusive. Evidence obtained using the reinstatement paradigm indicates that the nucleus accumbens shell is an important locus for cocaine priming-induced reinstatement of drug-seeking behavior (Anderson et al., 2003 Bachtell et al., 2005; . Therefore, disruption of neuronal activity within the nucleus accumbens shell would be expected to attenuate the reinstatement of cocaine-seeking behavior precipitated by a systemic-priming injection of cocaine. Deep brain stimulation (DBS) of thalamic, subthalamic, or pedunculopontine nuclei is effective in the treatment of Parkinson's disease (Perlmutter and Mink, 2006) . Despite the risks associated with major surgery, DBS also is being tested as a therapy for psychiatric disorders and a growing literature indicates promise for this therapeutic modality (Mayberg et al., 2005) . Specifically, DBS of the nucleus accumbens, including the shell subregion, has been shown to be efficacious in the treatment of refractory major depression and Tourette's syndrome as well as obsessive-compulsive and anxiety disorders (Sturm et al., 2003; Kuhn et al., 2007b; Schlaepfer et al., 2008) . In addition, a case study indicated that DBS of the nucleus accumbens substantially reduced alcohol consumption in an alcohol-dependent patient (Kuhn et al., 2007a) . It seems reasonable, therefore, to propose DBS as a potential treatment in cases of extreme (i.e., life threatening) cocaine addiction. The preclinical experiments outlined here examined the influence of DBS of the nucleus accumbens shell on cocaine priming-induced reinstatement of drug seeking.
Materials and Methods
Animals and housing. Male Sprague Dawley rats (Rattus norvegicus) weighing 250 -300 g were obtained from Taconic Farms. Animals were individually housed with food and water available ad libitum. A 12 h light/dark cycle was used with the lights on at 7:00 A.M. All experimental procedures were performed during the light cycle.
Materials. All experiments used Med Associates instrumentation enclosed within ventilated, sound-attenuating chambers. The apparatus was equipped with response levers, stimulus lights, food pellet dispensers, and injection pumps for injecting drugs intravenously.
Surgery. Before surgery, the rats were anesthetized by intraperitoneal injections of 80 mg/kg ketamine and 12 mg/kg xylazine. An indwelling SILASTIC catheter was placed into the right jugular vein (side opposite the heart) and sutured in place. The catheter was then threaded subcutaneously over the shoulder blade and was routed to a mesh backmount platform (CamCaths) that was sutured below the skin between the shoulder blades. Catheters were flushed daily with 0.3 ml of an antibiotic (Timentin, 0.93 mg/ml) dissolved in heparinized saline. The catheters were sealed with plastic obturators when not in use.
After catheter implantation, the rats were mounted in a stereotaxic apparatus (Kopf Instruments), and bipolar stainless steel electrodes (Plastics One) were implanted into to the nucleus accumbens shell or dorsal striatum according to the following coordinates, relative to bregma (Paxinos and Watson, 1997) : nucleus accumbens shell: ϩ1.0 mm anteroposterior (A/P), Ϯ3.0 mm mediolateral (M/L), Ϫ7.3 mm dorsoventral (D/V); dorsal striatum: ϩ1.0 mm A/P, Ϯ4.0 mm M/L, Ϫ5.0 mm D/V. The stereotaxic arms were set at 17°angles for both brain regions. Electrodes were cemented in place by affixing dental acrylic to three stainless steel screws fastened to the skull.
Cocaine self-administration, extinction, and reinstatement. After a 7 d recovery period from surgery, the rats were placed in operant chambers and allowed to lever press for intravenous cocaine infusions (0.25 mg cocaine per 56 l saline per infusion over 5 s). Rats initially were trained using a fixed ratio 1 (FR1) schedule of reinforcement. When the animals achieved stable responding with the FR1 schedule (i.e., Ͻ15% variation in response rates over 3 consecutive days), they were switched to an FR5 schedule. A 20 s timeout period during which responses had no scheduled consequences followed each cocaine infusion. The rats were limited to a maximum of 30 cocaine infusions per daily 2 h self-administration session.
After 21 d of cocaine self-administration total, the animals underwent an extinction phase during which cocaine was replaced with saline. Daily 2 h extinction sessions were conducted until responding was Ͻ15% of the response rate maintained by cocaine self-administration. After the extinction phase, priming-induced reinstatement of drug-seeking behavior was assessed via the intraperitoneal administration of 0 (0.9% saline), 5, 10, or 20 mg/kg cocaine. For the reinstatement sessions the FR5 schedule was used, but satisfaction of the response requirements for each component resulted in a saline rather than a cocaine infusion. Each reinstatement session was followed by extinction sessions until responding was Ͻ15% of the response rate maintained by cocaine selfadministration. There were typically 1 to 2 extinction days between each reinstatement session.
Using this experimental design, the rats underwent a series of extinction and reinstatement sessions that lasted ϳ16 d. During this period, extinction of the ability of cocaine to induce reinstatement is a concern. However, we have previously shown that reinstatement of cocaine seeking persists for at least 20 d after the initial extinction of cocaine selfadministration (Park et al., 2002; Anderson et al., 2003) . Moreover, because the drug treatments were counterbalanced across reinstatement days, in the current experiments we were able to assess the magnitude of reinstatement across sessions. Thus, reinstatement of cocaine seeking was assessed at the beginning, middle, and end of the reinstatement phase. All subjects demonstrated stable drug seeking throughout the reinstatement phase of these experiments.
Food self-administration, extinction, and reinstatement. Rats were trained to self-administer 50 mg Noyes sucrose pellets (Research Diets) using the same procedures described above. After 2 weeks of daily 1 h food-reinforced operant sessions, rats underwent an extinction phase where responding no longer resulted in food delivery. After lever pressing decreased to 15% or less of the responding maintained by contingent food reinforcement, animals began reinstatement testing. Reinstatement of food seeking was promoted by the noncontingent administration (remotely by the experimenter) of one sucrose pellet every 2 min during the first 10 min of the reinstatement session. Each 1 h reinstatement session was followed by extinction sessions (typically only one or two) until responding was again Ͻ15% of the response rate maintained by food.
Deep brain stimulation. In most DBS experiments (both clinical and preclinical), many parameters are fixed and uniform across studies. We used continuous alternating current with biphasic symmetrical square pulses (60 s pulse width, 160 Hz frequency), parameters that are consistent with previous work in this field (Chang et al., 2003; Mayberg et al., 2005) . Stimulation intensities, in contrast, are often varied within and between studies, usually in the range of 50 -200 A (Benazzouz and Hallett, 2000; Chang et al., 2003; Mayberg et al., 2005) . Immediately before the start of a reinstatement session, 70 -150 A of current was delivered to the bipolar electrodes. The stimulation continued until the end of the reinstatement session.
Verification of electrode placements. After the completion of all experiments, the animals were given an overdose of pentobarbital (100 mg/kg) and perfused intracardially with 0.9% saline followed by 10% formalin. The brain was removed and coronal sections (100 m) were taken at the level of the nucleus accumbens with a Vibratome (Technical Products International). An investigator unaware of the animals' behavioral responses determined electrode placements as well as potential electrodeinduced neuronal damage. Animals with electrode placements outside of the areas of interest, or with excessive mechanical damage, were excluded from subsequent data analysis.
Results

DBS of the nucleus accumbens shell attenuates cocaine priming-induced reinstatement of drug seeking
In initial experiments, animals were administered 0, 70, 100, or 150 A DBS bilaterally in the nucleus accumbens shell immediately after a priming injection of cocaine (0 or 10 mg/kg, i.p.) during the reinstatement phase. Results indicated that only the 150 A current intensity significantly attenuated the reinstatement of cocaine seeking (data not shown). Therefore, this current intensity was used for all subsequent experiments. Notably, the behavioral hyperactivity produced by cocaine did not increase or decrease during DBS. No other abnormal behaviors of any kind were noted with cocaine plus DBS or saline pretreatment before DBS.
For the cocaine dose-response experiment summarized in Figure 1 , A and B, the number of active lever presses on the last day of cocaine self-administration was 131.46 Ϯ 6.35 (mean Ϯ SEM). The extinction criterion was reached in 4.92 Ϯ 0.49 (mean Ϯ SEM) d. Active lever responding on the last day of extinction was 14.46 Ϯ 1.03 (mean Ϯ SEM).
The total active lever presses during the reinstatement phase were analyzed with a two-way ANOVA, which revealed significant main effects of cocaine dose (F (3,77) ϭ 18.449; p Ͻ0.0001) and current intensity (F (1,77) ϭ 11.322; p Ͻ0.0012) as well as a significant interaction between these factors (F (3,77) ϭ 4.996; p Ͻ0.0032). Subsequent pairwise analyses (Fisher's LSD, p Ͻ0.05) showed that the total active responses after 10 and 20 mg/kg cocaine with no stimulation were significantly different from saline. In addition, DBS significantly attenuated the reinstatement of drug seeking precipitated by both of these higher doses of cocaine. There were 7-12 subjects per treatment. These data indicate that DBS of the nucleus accumbens shell produced a rightward (or downward) shift in the cocaine reinstatement dose-response curve (Fig. 1 A) . Analysis of the total inactive lever presses during the reinstatement phase (data not shown) indicated no significant main effects of cocaine dose or current intensity and no significant interaction between these factors, which suggests that neither cocaine nor DBS produced nonspecific changes in lever pressing. 
DBS of the dorsal striatum has no influence on the reinstatement of cocaine seeking
In order to assess the anatomical specificity of the accumbens shell DBS effect, DBS (0 or 150 A) was administered in the dorsal striatum during the reinstatement of drug seeking induced by an intraperitoneal-priming injection of 10 mg/kg cocaine. The data were as follows (mean active lever responses ϮSEM): 0 A, 59.14 Ϯ 10.26; 150 A, 49.25 Ϯ 11.17. These data were analyzed with a t test, which revealed no significant difference between treatments (t (14) ϭ 0.130; p Ͻ0.8985). There were eight subjects per treatment.
The effect of DBS of the dorsal striatum during a reinstatement session in which a saline-priming injection was administered also was assessed. The data were as follows (mean active lever responses ϮSEM): 0 A, 14.63 Ϯ 3.35; 150 A, 12.75 Ϯ Figure 1 . Deep-brain stimulation of the nucleus accumbens shell attenuated cocaine priming-induced reinstatement of drug seeking in rats. A, DBS (0 or 150 A) began immediately after intraperitoneal administration of 0, 5, 10, or 20 mg/kg cocaine and continued throughout the 2 h reinstatement session (n ϭ 7-12). *Significant differences from the 0 A/saline treatment. # Significant differences from 0 A at that cocaine dose. B, The time courses of the effect of 0 (n ϭ 9) or 150 (n ϭ 7) A DBS on the reinstatement of drug seeking precipitated by 10 mg/kg cocaine from A. C, Electrode placements in the nucleus accumbens shell (filled circles) and dorsal striatum (open circles) for all subjects. D, Representative electrode placement in the shell. The white arrow indicates the end of the electrode tract. ac, Anterior commissure.
3.32. These data were analyzed with a paired t test, which revealed no significant effect (t (14) ϭ 0.398; p Ͻ0.6969). There were eight subjects in this experiment.
DBS of the nucleus accumbens shell does not affect the reinstatement of food seeking
Several measures were used to evaluate potential nonspecific rate suppressing effects of DBS. The modular testing chambers were equipped with an inactive lever, responses on which often are used as a measure of nonspecific alterations in lever pressing during the reinstatement phase. Although DBS did not have a significant influence on responding on the inactive lever, the low number of inactive lever presses limits the utility of this measure to meaningfully assess potential rate suppressant effects. Therefore, we also assessed the effect of nucleus accumbens shell DBS (0 or 150 A) on the reinstatement of food seeking. For this experiment, the number of active lever presses on the last day of food self-administration was 150 Ϯ 0 (mean Ϯ SEM), the maximal number of reinforcers per session per subject. The extinction criterion was reached in 5.3 Ϯ 0.39 (mean Ϯ SEM) d. The data were as follows (mean active lever responses ϮSEM): 0 A, 48.67 Ϯ 10.57; 150 A, 53 Ϯ 9.24. These data were analyzed with a paired t test, which showed no significant treatment effect (t (15) ϭ 0.305; p Ͻ0.7618). Four of the food reinstatement subjects had previous experience with cocaine self-administration, but this factor had no influence on food self-administration or the reinstatement of food seeking. There were eight or nine animals per treatment group.
The electrode placements in the nucleus accumbens shell and dorsal striatum for all experiments are shown in Figure 1C . A photomicrograph of a representative electrode placement in the nucleus accumbens shell is shown in Figure 1 D. There were no instances of excessive mechanical damage induced by DBS.
Discussion
The current results indicate that (1) DBS of the nucleus accumbens shell attenuated the reinstatement of cocaine seeking; (2) DBS of the dorsal striatum had no influence on cocaine reinstatement; (3) DBS of the nucleus accumbens shell did not affect the reinstatement of food seeking; and (4) DBS of the accumbens shell in the absence of a cocaine-priming injection did not promote the reinstatement of cocaine seeking. Collectively, these results demonstrate that DBS of the nucleus accumbens shell attenuates the reinstatement of cocaine seeking in an anatomically and reinforcer-specific manner.
In studies of parkinsonism, depression, and anxiety disorders, clinical measurements are made during DBS and compared with measurements when the stimulation is off. The stimulation is constant and the effects are completely reversed when the stimulation is turned off. For example, the antidepressant effect of continuous DBS was immediate, bidirectional, and reversible (Schlaepfer et al., 2008) . That is, when the stimulator was turned on, depression ratings immediately improved, and when it was turned off, depression ratings worsened (Schlaepfer et al., 2008) . Similar to clinical studies, DBS was administered continuously during the reinstatement session in the current experiments.
The clinical effect of DBS at high frequencies is due at least in part to the suppression of neuronal activity via the activation of inhibitory interneurons and/or depolarization inactivation (Benabid et al., 1991; Blond et al., 1992) . Consistent with the view that DBS produces its effects by reversible neuronal inactivation, intra-accumbal administration of an AMPA receptor antagonist, which blocks excitatory neurotransmission, attenuates cocaine priming-induced reinstatement of cocaine seeking (Cornish et al., 1999; Cornish and Kalivas, 2000; Park et al., 2002 ). In contrast, activation of the nucleus accumbens with an AMPA microinjection promotes the reinstatement of cocaine seeking (Cornish et al., 1999; Cornish and Kalivas, 2000) . However, there also is evidence that DBS inactivates cell bodies but activates axons in the stimulated area (Vitek, 2002; McIntyre et al., 2004) . Consistent with this notion, DBS of the nucleus accumbens core suppressed neuronal activity in the orbitofrontal cortex apparently via antidromic stimulation of cortico-accumbal afferents and the subsequent activation of inhibitory cortical interneurons (McCracken and Grace, 2007) . Potential DBS-induced inactivation of accumbal afferents is particularly significant given mounting evidence that activation of excitatory medial prefrontal cortical and orbitofrontal cortical afferents to the nucleus accumbens promotes the reinstatement of cocaine seeking (Park et al., 2002; McFarland et al., 2003; Fuchs et al., 2004) . Together, these results suggest that DBS of the nucleus accumbens shell attenuates cocaine seeking by inhibiting neuronal activity in accumbal output neurons and/or inactivation of accumbal afferents.
It is well known that animals will self-stimulate various brain areas, including the nucleus accumbens (Mogenson et al., 1979; West and Wise, 1988) . The electrical impulses that rats learn to self stimulate are brief (usually lasting less than 1 s) and stimulate neuronal activity (Wise et al., 1992) . Previous evidence indicates that only the initial onset of brain stimulation is reinforcing (Pollock and Kornetsky, 1990) . In contrast, in the present experiments, high frequency DBS was administered continuously throughout the reinstatement session to suppress neuronal activity. It has been shown that noncontingent stimulation can be aversive, even when the stimulation is identical to the selfadministered pattern (Steiner et al., 1969) . Importantly, clinical studies report that prolonged and continuous DBS of the nucleus accumbens is neither reinforcing nor aversive (Sturm et al., 2003; Kuhn et al., 2007a; Okun et al., 2007; Schlaepfer et al., 2008) . The present results support this clinical observation. DBS of the nucleus accumbens shell in the absence of a cocaine-priming injection failed to promote drug seeking, which suggests that DBS is unlikely to promote drug craving. It is also notable that DBS of the nucleus accumbens shell did not attenuate food-seeking behavior in rats, which indicates that DBS does not produce a generalized disruption of normal behavior. Although it is unclear exactly why DBS of the nucleus accumbens shell produced reinforcer specific effects in the current study, it is likely because the neuronal circuits subserving cocaine and food-seeking behaviors are at least partially segregated (Carelli et al., 2000; Horvath and Diano, 2004) .
In conclusion, the present results indicated that DBS of the nucleus accumbens shell blunts the reinstatement of drug seeking produced by reexposure to cocaine. This effect was anatomically specific in that DBS of the dorsal striatum did not influence cocaine reinstatement. In addition, DBS of the accumbens shell failed to influence the reinstatement of food seeking, which indicates that the DBS effect was selective to cocaine and not attributable to a generalized disruption in motivated behavior. Together, these results indicate that DBS of the nucleus accumbens shell may represent a novel therapeutic modality for the treatment of severe cocaine addiction.
